The Bauschinger effect (a reduced yield stress at the start of reverse deformation following forward prestrain) is an important factor of strength development for cold metal forming technology. In steels, the magnitude of the Bauschinger effect depends on composition, through the presence of microalloy precipitates, and prior processing, through the size and distribution of the microalloy precipitates and the presence of retained work hardening. In this article, the parameters of the Bauschinger effect and work hardening (coefficient and exponent) in forward and reverse deformations were quantitatively related to the particle number density and dislocation density for two high-strength low-alloy (HSLA) steels. An example of the application of the obtained dependences is discussed with respect to the strength development during UOE forming of large diameter line pipes. The Bauschinger effect (a reduced yield stress at the start of reverse deformation following forward prestrain) is an important factor of strength development for cold metal forming technology. In steels, the magnitude of the Bauschinger effect depends on composition, through the presence of microalloy precipitates, and prior processing, through the size and distribution of the microalloy precipitates and the presence of retained work hardening. In this article, the parameters of the Bauschinger effect and work hardening (coefficient and exponent) in forward and reverse deformations were quantitatively related to the particle number density and dislocation density for two high-strength low-alloy (HSLA) steels. An example of the application of the obtained dependences is discussed with respect to the strength development during UOE forming of large diameter line pipes.
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The Bauschinger effect (a reduced yield stress at the start of reverse deformation following forward prestrain) is an important factor of strength development for cold metal forming technology. In steels, the magnitude of the Bauschinger effect depends on composition, through the presence of microalloy precipitates, and prior processing, through the size and distribution of the microalloy precipitates and the presence of retained work hardening. In this article, the parameters of the Bauschinger effect and work hardening (coefficient and exponent) in forward and reverse deformations were quantitatively related to the particle number density and dislocation density for two high-strength low-alloy (HSLA) steels. An example of the application of the obtained dependences is discussed with respect to the strength development during UOE forming of large diameter line pipes. THE high-strength low-alloy (HSLA) steel large diameter pipe body's mechanical properties are developed in two ways. The first is microstructure formation during plate rolling and its influence on the properties via grain refinement, solid solution and precipitation strengthening mechanisms, and work hardening. The second is the cold deformation schedule during pipe forming, which may result in a strength increase due to unidirectional loading (work hardening) or decrease due to reverse loading (the Bauschinger effect). The UOE forming process, used for production of large (>400 mm) diameter line pipes, includes several deformation stages: bending of a plate to U-shape, O-ing to form a circular cross section, and ''killing'' to close the plate edges before welding and expansion (E-stage) to form a final diameter after welding. The main feature of the UOE forming process, affecting the property distribution in the pipe cross section, is inequality of strain magnitude and deformation direction sequence for different areas of the plate cross section (Figure 1 ). The pipe segment opposite to the weld undergoes two full cycles of forward-reverse deformation and the plate edges (pipe segments close to the weld) one cycle of unidirectional and one of forward-reverse deformation. This may result in work softening from plate to pipe, especially in the segment opposite to the weld. [1, 2] The amount of possible strength loss depends on the pipe geometry, microstructure, and initial mechanical properties of the plate material. If the pipe body mechanical properties are measured using test coupons cut from flattened segments, usually taken from the 180 deg position (opposite to the weld), additional deformation during flattening will occur and may result in the measured property value deviating from the real pipe value. This should be considered when assessing the pipe properties determined using the flattened specimen method.
Recent studies of plate to pipe property changes showed a different response of longitudinal and transverse strength to the deformation applied (Table I ). In the pipe longitudinal direction, the yield stress increases from plate to pipe due to work-hardening (YS pipe -YS pl , Table I ). Flattening of samples prior to testing modifies this relation by an amount that depends on the steel grade (YS fp -YS pl , Table I ). In the transverse orientation, a decrease in the yield stress from plate to pipe was observed for microalloyed steels (YS fp -YS pl , Table I ). This can be explained by work softening during pipe forming and sample flattening prior to testing. To predict the final pipe strength, the yield stress change for each stage of the UOE forming process is needed. Strength development will depend on the plate microstructure (dislocation density and precipitate distributions) and cold deformation sequence (strain magnitude and direction).
In the present article, work hardening in the direction of forward and reverse deformation was studied for the C-Nb and C-Nb-V steels (Table I) . Using results from microstructural investigations, [4] the plate to pipe property change was calculated for forming a 914 9 25 mm pipe from the C-Nb and C-Nb-V steels. 
II. MATERIALS AND EXPERIMENTAL TECHNIQUES
Mechanical properties were studied for the C-Nb and C-Nb-V steels (Table I) in the as-rolled and annealed conditions. Annealing at 673 K and 823 K (400°C and 550°C) for 30 minutes was applied to modify the dislocation structure and microalloying element particle distributions, without affecting the grain size and secondphase content. Measurements (experimental technique and results) of dislocation density, using transmission electron microscopy (TEM) imaging, and (Cu+Ti, Nb,V)-rich particle number density, using scanning and TEM imaging, are described in Reference 4.
Compression-tension testing was carried out on an ESH 250 kN servohydraulic twin column low speed ramp universal testing machine. For the forward-reverse stress-strain curve determination, four standard round tensile test specimens of 4.5-mm diameter and 13-mm gage length were cut in an orientation transverse to the rolling direction from the C-Nb and C-Nb-V as-rolled and annealed steel plates. The Bauschinger tests were carried out at room temperature by compressing the tensile test specimen to plastic strains of 0.3 to 4.9 pct forward deformation, and then tensile testing until failure (reverse deformation) at a strain rate of 1.3 9 10 -4 s -1 . Strain was measured using strain gages of KFG-2-120-C1 type permanently glued to the specimens in the middle of the reduced diameter section.
III. RESULTS

A. Stress-Strain Dependence in Forward Direction
The stress-strain curves from the as-rolled steels show two stages of work hardening: with a lower workhardening rate, up to 3 pct strain; and with an increased work-hardening rate, above 3 pct strain ( Figure 2 ). This was observed previously in steels [5] and is consistent with the long-range work-hardening theory: during the first stage of work hardening, slip occurs on the most favorable crystal planes, while during the second stage, slip occurs on all the possible slip planes, as the most favorable slip planes become blocked by pileups. In contrast, the stress-strain curves of the initially annealed steels show a Lu¨ders strain region; a part of the stress-strain curve parallel to the strain axis where yielding occurs without stress increase ( Figure 2 ). This can be explained by easy glide of free dislocations left after annealing, followed by the generation of new mobile dislocations.
Within the separate work-hardening regions, the stress-strain experimental curves were approximated by a power equation r = Ke n (where r = stress, e = strain, K = work-hardening coefficient, and n = workhardening exponent) and related to the microstructural parameters for the same material conditions. [4] Analysis of the work-hardening behavior dependence on the microstructural parameters showed that, with an increase in dislocation density and microalloying element ((Cu + Ti, Nb, V)-rich) particle number density (determined from scanning electron microscopy and TEM measurements [4] ), the work-hardening exponent increases (Figure 3(a) ) and the work-hardening coefficient (for e £ 3 pct) decreases (Figure 3(b) ). Dislocation density was determined from line length measurements from TEM images taken under multiple two beam conditions. [4] The influence of dislocation density on the parameters of work hardening was observed to be higher than that of the particle number density within the range of values examined.
B. Stress-Strain Dependence in Reverse Direction
The reverse stress-strain curves show lower stress values than the corresponding forward stress-strain curve due to work softening (Figures 4). If unloading after forward prestrain occurs from the region of low work-hardening rate, i.e., below 2.8 pct plastic prestrain in the studied steels, a region of easy flow (a plateau) at a constant or decreasing stress is present on the reverse stress-strain curve. This type of behavior was observed before in fcc [6] and bcc [7] materials. In the present work, the plateau length can be related to the dislocationparticle interaction process: with an increase in the number of potential dislocation-particle interaction sites, the plateau length decreases. It can be supported by the observed plateau length ( Figure 4 ):
(1) decreasing with an increase in prestrain, leading to an increase in dislocation density (compare the traces for C-Nb-V as rolled after 0.3 and 2.8 pct prestrain and for C-Nb-V annealed at 673 K (400°C) after 0.5 and 2.1 pct prestrain); (2) increasing after low-temperature annealing, leading to a decrease in dislocation density (compare the traces for C-Nb-V as rolled after 0.3 pct prestrain and for C-Nb-V annealed at 673 K (400°C) after 0.5 pct); and (3) decreasing with an increase in annealing temperature, leading to an increase in particle number density due to precipitation of new particles (compare the traces for C-Nb-V annealed at 673 K (400°C) after 2.1 pct prestrain and for C-Nb-V annealed at 823 K (550°C) after 1.9 pct prestrain).
Approximation of the reverse stress-strain curves, as seen in Figure 4 , by the power equation r = Ke n showed that the work-hardening exponent is independent, and the work-hardening coefficient is dependent, on prestrain (Table II) . For the ''below 0.7 pct'' reverse strain range, the work-hardening coefficient increases with an increase in forward prestrain, after a minimum at 1 to 3 pct prestrain. This minimum can be explained by the generation of new dislocations, free from obstacles, during the first stages of forward prestraining, i.e., below 3 pct, which facilitates slip during reverse deformation. With an increase in forward prestrain, the dislocation density and the number of dislocationobstacle interaction sites increase significantly, which leads to the work-hardening coefficient in the reverse direction increasing. For the ''above 0.7 pct'' reverse strain range, the work-hardening coefficient steadily increases with an increase in forward prestrain, due to the total increase in dislocation density. For the same level of prestrain, the work-hardening coefficient was observed to be higher and the work-hardening exponent to be lower in the more highly alloyed steel, i.e., C-Nb-V. In the C-Nb steel, the work-hardening coefficient decreased and the work-hardening exponent did not show any change with annealing. However, in the C-Nb-V steel, the work-hardening exponent and coefficient decreased after annealing at 673 K (400°C) and increased after annealing at 823 K (550°C).
Analysis of the work-hardening behavior dependence on the microstructural parameters showed that, with an increase in dislocation density and microalloying element particle number density, the work-hardening exponent decreases and the work-hardening coefficient increases ( Figure 5 ). The relative influence of the dislocation density on the parameters of work hardening during reverse deformation was observed to be higher than the particle number density influence over the range of values examined. In summary, the effect of alloying and initial work hardening on the work-hardening behavior during reverse deformation should result in a lower work-hardened but higher alloyed steel more quickly returning to its forward direction properties.
IV. DISCUSSION
An example discussed subsequently shows prediction of strength development during the UOE pipe forming process. The yield stress was calculated for the area opposite to the weld during forming of a 914-mm outside diameter 25-mm wall thickness pipe from the C-Nb and C-Nb-V steels (Table III) . The stress-strain curve approximation equations were determined using the dependences of the work-hardening parameters on particle number density and dislocation density (Figures 3 and 5) . Industrial measurements of technological parameters, described in Reference 3, were used to calculate the strain distribution in each stage of the UOE pipe forming process [8] ( Figure 6 ). For each stage of the UOE forming process, the following assumptions were made (Sections IV-A through IV-E).
A. U-ing
Strains in the outside and inside surface layers of the pipe wall were calculated using equations for simple bending; i.e., shear deformation was neglected and the position of the neutral layer was assumed to be constant at the plate midthickness. Particle number density and dislocation density values for the inside and outside surface layers were taken to be those for the plate subsurface (Table III) . The yield stress in the surface layers was calculated using equations for forward work hardening ( Figure 3) ; deformation at the midthickness, and associated property changes, was neglected. Dislocation density change during U-ing was calculated using the following equation derived from the literature data ( Figure 10 of Reference 9) of the dislocation density dependence on strain for unidirectional deformation:
where Dq is the dislocation density increase and e is strain in percent.
B. O-ing
Strains in the surface layers were calculated using equations for simple bending. Particle number density was taken as for the plate subsurface (Table III) . Dislocation density values took into account the increase after U-ing. The yield stress in the surface layers was calculated using equations for reverse work hardening ( Figure 5) ; deformation at the midthickness, and any associated property changes, was neglected. Dislocation density change during O-ing was calculated using the following equation derived from the literature data [9] of the dislocation density dependence on strain for reverse deformation:
where Dq is the dislocation density increase and e is reverse strain in percent.
C. Killing
Strains for the entire cross section of the pipe wall (surface layers and midthickness) were calculated using equations for compression. Particle number density for the surface layers was taken as for the plate subsurface and for the midthickness as plate midthickness (Table III) . Dislocation density was taken as that after O-ing in the surface layers and as that for the initial plate midthickness for the pipe wall midthickness. The yield stress was calculated using equations for reverse work hardening ( Figure 5 ) at the inside surface layer and using equations for forward work hardening (Figure 3) at the outside surface layer and at the midthickness. Due to the small absolute values of deformation, the dislocation density change during killing was neglected. 
D. Expansion
Strains for the entire cross section of the pipe wall (surface layers and midthickness) were calculated using equations for tension. Particle number density values for the surface layers were taken as those for the plate subsurface and for the midthickness as plate midthickness (Table III) . Dislocation density was taken as after O-ing in the surface layers and as for the plate midthickness at the midthickness. The yield stress was calculated using equations for reverse work hardening ( Figure 5 ) in the entire pipe wall cross section. Dislocation density change during expansion was neglected.
E. Flattening
Strains in the surface layers were calculated for one deformation half-cycle, i.e., one stage of deformation from pipe cross section to a plate shape, using equations for simple bending. Particle number density was taken as that for the plate subsurface (Table III) . The dislocation density was taken as after O-ing in the surface layers. The yield stress was calculated using equations for reverse work hardening ( Figure 5 ), taking deformation during killing for prestrain in the inside surface layer and deformation during expansion for prestrain in the outside surface layer; deformation at the midthickness and associated property changes were neglected.
As seen from Table III , the calculated average yield stress in the present example decreases from plate to pipe due to the Bauschinger effect. The calculation showed that with an increase in microalloying element content, from the C-Nb to the C-Nb-V steel, the yield stress drop from plate to pipe increases (Figure 7) , which corresponds to measured data. [3] This is due to an increase in the Bauschinger effect with an increase in dislocation density and particle number density. The calculated yield stress after flattening lies in the literature data range. [10, 11] However, the calculated yield stress is lower, compared to the measured value for the same steel, [3] and increases during flattening, though previously reported data show a decrease in strength from pipe to flattened specimen. [1, 2, 10] This might be explained if flattening occurs not through one deformation halfcycle leading to work hardening, as was assumed during calculation, but through a series of forward-reverse deformation cycles leading to work softening. In addition, the stress-strain curve during the third deformation half-cycle (inside surface during killing and outside surface during expansion) was assumed to be dependent only on the second half-circle (O-ing) and independent of the first half-cycle (U-ing) (Figure 8) . If the third halfcircle stress-strain curve goes closer to the forward stress-strain curve, the yield stress after expansion will be higher than calculated in the present example, but this requires further investigation.
V. CONCLUSIONS
In the present work, the strength change of two, Nb-and Nb-V-microalloyed, steels in the as-rolled and annealed conditions were studied during forward and reverse cold deformation. Using earlier measured microstructural parameters for the same test conditions, the parameters of work hardening (exponent and coefficient) were quantified along with their dependence on particle number density and dislocation density. The main conclusions are as follows.
1. During forward deformation, the work-hardening exponent increases and the work-hardening coefficient decreases with an increase in particle number density and dislocation density. 2. During reverse deformation, the work-hardening exponent decreases and the work-hardening coefficient increases with an increase in particle number density and dislocation density. 3. During reverse deformation, the work-hardening exponent was not observed to be dependent on the prestrain value and the work-hardening coefficient increases with an increase in prestrain after a minimum at 1 to 3 pct prestrain. 4. The relative influence of the dislocation density on the parameters of work-hardening (exponent and coefficient) during forward and reverse deformation was observed to be 3 to 4 times higher than the particle number density influence. 5. Application of the obtained dependences to yield stress prediction during the UOE forming of line pipes resulted in the calculated value of the yield stress to be within 20 MPa accuracy of the measured value and correctly predicted a yield drop. 6. A larger plate to pipe yield stress drop was observed for the more highly alloyed steel. This can be explained by an increase in the Bauschinger effect with an increase in microalloying element content. 
